Plant organs reproducibly reach a set size and shape, and a key question is what prevents overgrowth. A new study uses imaging and computer modelling of the Arabidopsis sepal to show that mechanics determines growth arrest and thus final organ shape.
What tells organs to stop growing so that they reproducibly reach their characteristic size and shape? In the 1930s, classical embryology experiments showed that size is controlled by intrinsic determinants [1] . The question thus arises -by which proprioceptive mechanism can organs and organisms sense their size and know when to stop growing?
At first, a mechanism that counts cell divisions, or a tally of cell number, seems plausible. Growth would stop once a predefined number of cells has been reached. Yet, in animals and plants, if the rate of cell production is altered, the cell size adjusts so that organ size remains the same [2, 3] . These organs consist of fewer but larger cells, or more numerous but smaller cells, indicating that size itself is measured and monitored.
Much of what we currently know about how size is sensed and growth arrested derives from studies of the Drosophila imaginal discs, the larval precursors of the adult appendages. A widely held view suggests that in these epithelia, growth and patterning are coordinated by morphogen gradients [4] , which originate from a source and diffuse across the disc. When the morphogen gradient is steep, cells continue to divide. As cells divide, the gradient adapts to tissue size and becomes flatter. Cell proliferation ceases when the local steepness falls below a threshold [4] . Although tantalising, such a mechanism is difficult to reconcile with the observation that, despite the graded distribution of the morphogen, growth is homogeneous in space [5] .
Mechanical forces also play a role in regulating growth. In a tissue where cells adhere to each other, as is the case for the fly imaginal discs, or in plants where cells are bound to each other by the cell wall, heterogeneity in growth rate between neighbouring cells leads to accumulation of mechanical stress [6, 7] . This stress may provide cells with a feedback signal to regulate cell division, ensuring stable and uniform growth of the tissue [8] . This theoretical postulate has been supported in several instances in plants and in animals.
In the fly wing disc, growth heterogeneity between the central cells that receive a lot of the growthpromoting factor Dpp and the cells at the periphery leads to compressive stress in the centre and tensile stress at the periphery of the disc [9] . Whereas compressive stress stops proliferation, tensile stress promotes it -the existing pattern of stresses thus accounts for the uniform distribution of growth throughout the disc.
In plants, the principal directions of cell growth are dictated by the orientation of the stiff cellulose fibrils that make up the cell wall. Growth is maximal perpendicular to the cellulose fibrils, whose deposition is controlled by the intracellular network of cortical microtubules [10] . Changes in the orientation of the microtubule array therefore have consequences on growth direction. Mechanical stress influences microtubule orientation [11] , which provides the basis for an active feedback of mechanical stress on growth. Stress alters microtubule orientation, which in turn modifies cellular anisotropy in the cell wall, thus altering growth directions. The importance of this feedback is well illustrated in the Arabidopsis thaliana leaf epidermial cells (Figure 1 ). Their lobed shape creates a subcellular stress pattern that controls microtubule orientation and thus the deposition of cellulose microfibrils, which is reinforced along the lobe necks, restricting growth in these areas and locking the formation of the lobes (Figure 1 ) [12] . Mechanical cues also control growth at the organ level. In the apex of plants, the meristem gives rise to all plant organs. Two regions can be distinguished: a slowgrowing central area, which contains the stem cell niche, and the periphery, where cells divide rapidly and organs initiate [13] . The central zone is substantially stiffer compared to the fast-growing periphery. This difference in mechanical properties limits growth in the centre and restricts organ bulging to the flanks [13] .
Published recently in Current Biology, Hervieux et al. [14] (Figure 1 ). This mechanical feedback would serve as a proprioception mechanism determining the final organ size.
The sepal is the outermost organ of the Arabidopsis flower. Its growth and shape are stereotypical and mostly insensitive to environmental fluctuation, making it a good model to study the intrinsic determinants of growth arrest. The authors performed live imaging of the developing sepal, carefully following and quantifying growth. Growth is first stronger along the longitudinal axis at the tip than at the base of the early sepal. In later stages, growth becomes isotropic, slows down and gradually proceeds towards the base. This growth pattern is initially mirrored by a stereotypical organisation of the cortical microtubule network: first perpendicular to the main direction of growth in the apical region, the network becomes more isotropic when growth becomes more uniform. The authors observed that, later, in the slow isotropically growing tip region, the microtubules remain well aligned. This decoupling between the orientation of the microtubules and growth direction was unexpected. To understand the origin of this behaviour, the authors developed a mechanical model simulating sepal growth. In their model, a stiff apical region co-exists with a more elastic basal one, leading to a graded distribution of growth -slower at the tip, higher at the base. Their simulations indicate that such a growth gradient generates transverse tensile stress at the border between the two growing domains. This tensile stress would lead to the alignment of the microtubule network in parallel to the stress direction, thus restricting radial growth of the sepal. The authors then went on to test such a scenario.
First, they experimentally tested whether sepal microtubules could actually reorient along the stress direction by either compressing the sepal or inducing a patch of isotropic growth in the centre and monitoring the microtubule orientation on the edges. As expected [11, 15] , the microtubule arrays reorient along the maximal tensile stress. They then tested in silico whether such a mechanical feedback would be sufficient to affect sepal shape. For this, they modified their model so that the tensile stress would feed back onto the material properties, reinforcing it anisotropically. Depending on the intensity of this feedback, which would mirror the efficacy with which microtubules reorient along the stress pattern, this new model produced sepals with a more or less narrow tip. To test experimentally whether microtubule dynamics drive the response of the sepal cells to mechanical stress, the authors used mutants in which the arrays are either slowed down or speeded up in their reorientation. Whereas the mutant in which microtubules took longer to re-orient led to rounded sepals, the one with accelerated re-orientation had a more pointy appearance, validating the predictions of the computational model.
Thus, growth differences at organ scale generate a stress pattern that feeds back onto microtubule orientation, thereby further channeling growth (Figure 1 ). This complements previous work of the authors showing that a mechanical feedback loop promotes tissue folding in the shoot apical meristem [11, 15] . Interestingly, such feedback could provide a mechanism for the zonation of the meristem in a central stiff area where cells divide slowly [13, 16] .
Although the authors very convincingly establish that this feedback between tension and microtubule Mechanical cues trigger a feedback mechanism stabilising growth at the cell (left) and organ scale (right) in plants. Differences in growth between regions generate tensile stress to which microtubules respond by aligning along maximal tension. This in turn induces change in the mechanical properties of the cell walls and the tissue, restricting growth in that direction. This mechanical feedback loop, in which microtubules act both as stress sensor and growth regulator, channels the growth and shape of plant cells and organs and acts as a proprioceptive mechanism limiting growth.
reorientation contributes to restricting growth at the tip of the sepal and could thus terminate growth, some unclear aspects remain. The stress patterndriven alignment of microtubules is only prominent at the very tip of the sepal. Elsewhere, the microtubule patterns seem more heterogeneous. Such noisy patterns may reflect local differences in growth rates, and thus in mechanical stress. It is likely that other players are also involved. In particular, very little is known about long-range biochemical gradients that may play a role parallel to the mechanical feedback. This aspect would be worth further investigation. This work illustrates the pervasiveness of mechanical feedback in morphogenesis. At the cell scale, mechanical cues maintain the shape of plant cells [12] , control cell division, polarity and fate in animals [17, 18] and are used by a whole organ to trigger large morphogenetic changes, differentiation and growth arrest [6, 7] . Mechanical feedbacks as a proprioceptive shape-sensing mechanism would provide a parsimonious mechanism for one of the so far fundamental 'mysteries in developmental biology' [19] . Clearly, this paper provides a step forward in the analysis and understanding of mechanics-driven growth regulation.
